LEMONT, ILLINOIS The phytohormone auxin is widely recognized as a regulator of growth and morphogenesis. Since retarded growth and altered developmental patterns in plants are known to follow exposure to ionizing radiation, Skoog (26) investigated the inactivation of auxin by x-and y-rays. His data indicated that both native auxin preparations and pure 3-indoleacetic acid (IAA) in solution were highly labile when irradiated. A marked reduction in auxin levels also occurred when plant tissues were given moderate doses of x-radiation. Auxin thus appeared to be radiosensitive in vitro and in vivo. Skoog pointed out the parallel effects of decreased auxin levels and low doses of radiation in growth and correlation phenomena. His results were used subsequently by other workers to interpret various radiation responses on the basis of auxin radiosensitivity (10, 16, 27) .
However, certain considerations discussed below cast doubt on the implied direct sensitivity of the auxin molecule, and prompted our reinvestigation of auxin radiosensitivity. Concomitantly, a more precise evaluation of IAA inactivation kinetics was obtained. The present work deals with the destruction of auxin in aqueous solution by ionizing radiation. Auxin sensitivity in the plant, and the biochemical mechanisms whereby auxin levels are lowered in vivo, will be treated in subsequent papers of this series.
PRELIMINARY CONSIDERATIONS The loss of auxin in the irridated plant was attributed wholly or in part to direct inactivation (26) . A direct auxin photolysis seems remarkable in view of the low auxin concentrations relative to other, potentially protective, cellular components in plant tissues. It is likewise striking that irradiation of both in vivo and in vitro systems with comparable doses resulted in similar percent inactivations. In order to approximate the kinetics and efficiencies of auxin inactivation in vitro, we combined the data from Skoog's (26) tables 2 and 4, and figure 1. In the range of 0 to 4,000 roentgens, these data could be characterized satisfactorily by the relationship Cr = A1 e-blr + A2 e-b2r where Cr is the auxin concentration in /Amoles/ml at any roentgen dose, r. A1, A2, bl, b2 are constants > 0, and A1 + A2 = the intial auxin concentration, CO.
With C.= 0.015 u moles/ml, graphical fit yielded the following values of the constants: A1 = 0.005, b1 = 0.041, A2 = 0.01, b2 = 0.00011. For later comparison, the fitted curve of Cr versus dosage is given in figure 1, curve A. 1 Received September 23, 1954 .
The chemical effects of ionizing radiation on dilute aqueous solutions are attributed chiefly to free radicals formed through excitation and ionization of water (6, 17) . For a known dose of a given radiation energy, the number of primary ion pairs formed per unit weight of water can be calculated, and the efficiency of solute inactivation conveniently expressed as ionic yield (M/N), i.e., the number of solute molecules inactivated (M) per ion pair (N). Under the conditions of continuous uniform irradiation and nonlimiting solute concentrations, with no competition for the radicals by solute inactivation products, and with back reactions at a steady-state, the concentration of solute decreases linearly with the dose (17) . The ionic yield would thus remain constant. Where varying rates of back reactions, competition, or a chain inactivation occurs, residual solute concentration will diminish either exponentially or at rates which can be described empirically by sums of exponentials. In these instances M/N will vary with increasing dosage. Under such circumstances an estimate of the intrinsic radiosensitivity of the solute could be obtained by determining the inactivation efficiency at initiation of irradiation, i.e., as the dose approaches zero. This initial ionic yield with exponential inactivations may be estimated by calculating the M/N for the various experimental values and either approximating graphically the ionic yield at zero dose or evaluating empirically the relationship lim MI/N = (f) r. (2) where K is the quotient of Avogadro's number divided by the number of ion pairs formed per r per unit volume, and CO, the initial solute concentration, and Cr, the concentration remaining at dose r, are in moles per unit volume.
( 
If we assume an effective wavelength of 0.02 A in Skoog's experiments (heavily filtered 900 kvp x-rays), and 1.8 x 1012 ionizations per ml solution for this wavelength (17), K becomes 2.4 x 1011. By inserting the constants of equation (1) These ionic yields are unusually high. Many biological substances are inactivated by ionizing radiation with efficiencies on the order of a few hundredths to somewhat above 1 molecule per ion pair (17) . Ionic yields somewhat greater than 1 have been interpreted as resulting from the production of several active radicals after the primary splitting of water to H and OH (4, 14) . However, yields of 70 and 325 indicate that a chain or autocatalytic sequence of auxin inactivation had been induced, similar to the radiation induced auto-oxidation of unsaturated fatty acids (19, 22) or the decomposition of indole with very low dosages (Allsopp in (6)).
The difference in the initial inactivation efficiency of very hard x-and y-irradiation is difficult to interpret. The number of ionizations produced per ml solution per r, as well as the linear ion densitv in this instance, are similar for both radiations. One would expect the radiochemical effects to be essentially the same, as they have been found to be with even wider ranges in energies (17, 21) . Therefore, we first attempted to duplicate the above radiochemical efficiencies for auxin inactivation.
EXPERIMENTAL AIETHODS
Stock solutions of IAA (Eastman) in purified water (13) , generally 0.25 mMI, were made up monthly and stored at 3 to 50 C. Lower concentrations were freshly prepared from stock solution. To obtain higher concentrations, the more soluble Na salt (recrystallized from the acid) was utilized. Unless otherwise noted, the solutions were in equilibrium with air and irradiated at a pH of 6 to 7. Solutions with low oxygen concentration were prepared by the evacuation apparatus and method described by Hart (13) . The same apparatus was used to saturate solutions with oxygen (15) .
IAA was usually assayed colorimetrically with iron-perchloric acid reagent (11 PLANT PHYSIOLOGY 3. For y-rays, a. 100 mg radium needle in equilibrium with its decay products, whose A effective was considered as 0.015 A on the basis of the average total photon energy (5). b. The 25 curie Co60 source described in (13) . Unless otherwise noted, the dose rates were between 50 and 250r/min for x-rays, 12.2r/min with the Ra source, and 440r/min with the Co60 source. (As will be shown below, there is no appreciable effect of dose rate on the ionic yield in this range.)
In a large fraction of the experiments with hard x-rays, the solutions were in equilibrium with air and irradiated in 50-or 100-ml silica glass cvlinders under a vertical beam. Since the heights of the solutions were 2.5 to 5 cm, the filtered hard x-rays were considered as monochromatic and as decreasing exponentially through the water. Victoreen thimble chamber measurements of dose rate were made at the aqueous surface of a phantom and converted to integral dose by Mayneord's approximation (18, equation (7)), using 0.181 as the absorption coefficient for water at A 0.15 A (7). In a typical vertical irradiation of a cylindrical volume of solution by the 200 kv x-ray beam, target to surface distance 25 cm, the Mayneord approximation gave an average dose rate of 85r per minute. A depth-dose plot (8) for the volume yielded 83r, while a determination by ferrous ion oxidation, under identical irradiation conditions, gave a value of 73r. Radiation dose was determined in all other experiments by ferrous sulfate oxidation, using the value of 19.7 , moles of Fe++ oxidized per liter per kiloroentgen to convert the iron yield to r (20, 21). The experimental values given for radiation inactivation are corrected for similarly treated but unirradiated controls.
RESULTS
A 15.5 uM solution of cryst. IAA in air-saturated water was irradiated with hard x-rays. The changes in residual auxin concentration were followed colorimetrically, and are shown in figure 1 , curve B. The concentration decreased exponentially, Cr = .0155 e-0000158r ,u moles/ml (8) from which, using equation (6), an initial ionic yield of 0.87 is obtained. These results may be contrasted with those in (26) as differing both in rate order of inactivation and in direct molecular radiosensitivity.
METHOD OF AUXIN AssAY: Two changes from the procedures used in (26) were made in the above experiment. First, the concentration of auxin involved permitted use of the more rapid and convenient colorimetric assay instead of biological assay as a measure of changes in IAA concentration. If we assume that the products arising from IAA on irradiation are of reduced activity or are relatively inactive as auxins when measured by coleoptile curvature-certainly a reasonable assumption in view of the postulated structural requirements for biological activity-it is still possible that such products could react with the color reagent. Colorimetrically determined values might, therefore, be spuriously high. This possibility is ruled out by the curves later shown in figure 7 . Concomitant analyses by both assay methods of aliquots taken from a solution of IAA during irradiation yielded essentially the same values.
RADIATION ENERGY: Second, since we used " hard" (not "very hard ") x-rays, it was possible that the kinetics of auxin inactivation were uniquely dependent on photon energy in this frequency range. Though the probability of such a dependence was low, as indicated above, the inactivation efficiencies of gamma and hard and soft x-rays were examined. Figure 2 shows the IAA concentrations during irradiation of 53.6 ,M solution by radium and by 200-kv and 50-kv x-rays. It is evident that the inactivation curves are similar for the three radiations, the initial ionic yields being about 1. In an analogous experiment, an 860 uM solution was irradiated with the Co60 source. An initial ionic yield of about 1.2 was obtained.
AUXIN CONCENTRATION: A series of indoleacetate concentrations was then irradiated by hard x-rays. The solutions were unbuffered (pH 6 to 7), and ranged in concentration from 15 to 1200 uM. Residual IAA concentrations at the various doses for seven typical experiments are shown in figure 3. The exponential form is apparently followed irrespective of initial concentration or dose. With the three lowest concentrations, the exponential relation holds till approximately 90 % of the auxin originally present was inactivated.
The residual concentration curves in figure 3 can be generalized as Cr =Co ebr with the initial condition Cr = CO when r = o. It is evident that the slopes of the linear relationships log Cr versus dosage are not equal but vary inversely with CO. Therefore, let b k, whence CO Cr = CO e-kr/Co
Co Cr = Co (1-e-kr/Co) (9) (10)
The experimental data permitted a test of the preceding generalizations. A log-log plot of b versus C0 for nineteen irradiation experiments, in which each slope was approximated by least squares, is given in figure  4 . A least squares fit yields the value for b of 3.7 x 10-6 C0090oo0.034, with C0 expressed in M moles/ml. Assuming that the exponent of CO is -1, the intercept value of k for equation (9) (9) and (13) Finally, the initial ionic yields were calculated for each of the above irradiations with various auxin concentrations. They are shown in figure 5, curve A. Within two orders of concentration magnitude, the ionic yields are essentially in the range of unity. There is a trend toward lower initial ionic yields at higher dilutions. This is consistent with previous observations (17) , in which falling radiochemical yields at high solute dilutions are attributed to an increased probability of radical recombination before reaction with the solute. The fall in yield at higher dilutions, as well as the relatively constant absolute amount of auxin inactivated for a given dose over the major portion of the concentration range, is approximated by equation (10) .
OXYGEN: The presence of dissolved oxygen generally enhances the oxidation of a solute by x-or y-rays. We therefore considered the possibility that the efficiency of auxin inactivation might be critically dependent upon oxygen concentration in the solutions. Various concentrations of auxin in water were either evacuated or saturated with oxygen and then exposed to hard x-rays. The initial ionic yields calculated for each auxin concentration are given in figure 5 . In comparison with the ionic yields of about 1 for auxin solutions in equilibrium with air, the yields dropped to between 0.5 and 0.3 in the absence of air and were slightly above 1 with oxygen saturation. In no instance was there any indication of initiation of a chain sequence of auxin inactivation or highly accelerated inactivation rates.
PH: The statement that the extent of auxin inactivation in aqueous solution (in presence of air) is at least as great in the pH range well above the pK of the acid as in the range below it (26) , is not substantiated by our observations. When IAA solutions adjusted to various pH's by HCI or NaOH were irradiated, the extent of inactivation increased with increasing aciditv (fig 6, curve A) . The difference in auxin sensitivities at neutral and acid pH's was enhanced when the medium was buffered (fig 6, curves  B and D) . Indeed, the inactivation curves in buffer containing dissolved air bear a striking resemblance to the dissociation curve of IAA, which has a pK 4.75. This resemblance suggested that the radiosensitivity was a function of the concentration of associated molecules, a possibility considered by Skoog in examining the pH effect. However, when evacuated solutions were irradiated, no significant difference was found in the amount of inactivation between pH 2 and pH 8 ( fig. 6 , curve C). Since IAA dissociation equilibria presumably are unaffected by evacuation, the apparent higher sensitivity of the associated form of IAA may be related to the particular radical species produced by irradiating aerated water. Alternatively, oxidant concentration may increase with H+ concentration when water containing dissolved 02 is irradiated.
It seems unlikely that photolysis of the HCI used for acidification caused the pH effect in solutions without added buffer ( fig 6, curve A) ; a similar difference in the amount of IAA inactivated was observed for solutions adjusted to pH 5 and pH 2 with H2SO4 before irradiation. Competition for radicals by buffer citrate may have caused the decreased IAA inactivation near neutrality ( fig 6, curves B , C, and D). Yet, IAA inactivation increased at the more acid pH's at which citrate concentrations were also greater. Though the mechanism of yield dependencies on pH is not clear (Amphlett in (6)), it is pertinent that H202 levels in irradiated water were found to increase with increasing acidity (1) .
As an index of inactivation efficiency in acid medium, IAA solutions at pH 2.9 were then x-irradiated. The typical exponential decrease in concentration was observed, and, as indicated in the presence of single added substances, and in the presence of extracts of the Avena coleoptile and cocklebur plant.
Commercial IAA was recrystallized four times (as the Na salt from alcohol, again as the salt from wateralcohol, as the acid from water and from ethylene dichloride). The inactivation curves, given in figure 7 , indicate no significant effect of recrystallization upon IAA sensitivity, the initial ionic yields being approximately one.
Inactivation curves were then determined for IAA in the presence of added solutes at several mole ratios. Irradiation and periodic sampling were continued (with the single solute added as well as with the plant extracts) till 10 to 20 % of the IAA initially present was inactivated. Initial inactivation efficiencies were calculated, and are given in table II, column 4, in order of increasing protective action. No great enhancement of IAA inactivation was observed with any of the substances listed. Glutathione, cysteine, asparagine, glucose, and ascorbate, in equimolar ratios, showed no protective effect under these experimental conditions. Significantly reduced IAA inactivation rates resulted with the last two compounds when present in 10 mole excess, and in the presence of ethanol, ferricyanide, and malic acid. It should be noted, as a potential model for in vivo auxin sensitivity, that protein protected the IAA with relatively high efficiency. The presence of the albumin in 0.1 molar ratio reduced initial IAA inactivation efficiency by ca 2/3, whereas the leaf protein, at a molar ratio of 10-2, lowered the ionic yield 100 fold.
Lea (17) has formulated the number of solute molecules undergoing chemical change by radical interaction, in a unit volume, as n CZpP, where n is the number of active radicals, C is the solute concentration, Z the solute-radical collision frequency for unit solute concentration, p the probability of radical elimination on collision with the solute, and P the proportion of those radical eliminations which results in solute change. By a procedure analogous to that followed by Lea in evaluating the data of Dale (2), in which the concentrations of various cosolutes required for 50 % protection of flavin-adenine-dinucleotide against a single x-ray dose were listed, the relative radical deactivation probabilities on solute collision may be deduced for the experiments reported here. Let us consider the cosolute (C2) as competing with IAA (C1) for radicals produced from the water, and assume that a steady state of free radical concentration is rapidly established (13) (fig 8) . It can be observed from the figure that IAA sensitivity increases as the extract becomes more dilute, and that the curve tends to extrapolate, at high dilutions, to the sensitivity of pure IAA in solution, i.e., initial ionic yields in the region of unity. DoSE RATE: The tendency for initial ionic yields to fall when initial IAA concentrations were below 0.06 fu moles,/ml ( fig 5, curve A) was interpreted as reflecting the increased probability of radical recombination and consequent lessening of radical-solute interactions. varying the target distance and tube current. Sampling was continued until 20 to 30 % inactivation occurred. The effect of dose rate on initial ionic yield, together with the rate constants of IAA disappearance, are given in figure 9 . It can be seen that inactivation efficiencies are virtually independent of dose rate above 20r/min. At dose rates below lOr/min the inactivation rate rises. The ionic yields can be extrapolated to a value near 4 at the relatively low rates of energy absorption. The figure also indicates that the dose rates ordinarily used here, as well as in (26), produce ionic yields of about unity. SENSITIVITY OF AUXIN OBTAINED FROM THE PLANT: The possibility that auxin isolated from the plant might possess a radiosensitivity different from that of synthetic auxin was investigated. The PLANT PHYSIOLOGY be obtained on elution: the UV outlined spot on a developed strip was cut out and immersed in water, adjusted to pH 3, and both paper and water extracted with ether.
The developed chromatogram of the acid fraction of the plant extract showed several distinct components when surveyed under UV light (Rf = 0.08, 0.20, 0.29, 0.61, 0.90, and frontal). However, a parallel guide strip of an aliquot of the plant extract, showing corresponding components under UV, yielded the crimson IAA color only at Rf 0.30 when sprayed with the iron-acid reagent. Segments of a similar strip analyzed by Avena curvature bioassay showed significant activity onlv at about Rf 0.30. Therefore, this region was cut from the unsprayed chromatogram, eluted as described in the previous paragraph, and taken up finally in 10 ml water. Aliquots of this solution assayed 0.013 ,u moles IAA per ml.
The remainder of the solution, in air equilibrium, was irradiated as usual with hard x-rays till approximately 50 % of the original concentration remained. Figure 10 shows the effect of irradiation on this auxin preparation. Here the decrease in concentration as a function of dose departs from the exponential form, unlike the behavior of synthetic IAA (cf., in particular, the lowest curve in figure 3 ). The concentrationdose relationship for auxin extracted from the plant could be reasonably characterized by two exponentials, and the constants derived for this relation are given in figure 10 . Again no unusual auxin radiosensitivity is indicated. Initial inactivation efficiency determined by substitution of the constants in equation (6) gives an ionic yield of 1.2.
DISCUSSION
The preceding experiments indicate that the auxin IAA possesses no unusual lability toward ionizing frequencies of the x and y range. High ionic yields characteristic of an extended chain sequence, in which the inactivation of many solute molecules is initiated by the primary ionization or excitation, were not observed. Inactivation efficiencies were of the same magnitude, irrespective of the method of auxin assay, radiation energy, auxin concentration, oxygen partial pressure, H+ concentration, or dose rate, in the ranges examined. Recrystallization of the auxin had no effect on its sensitivity. Moreover, the acid auxin extracted from the plant exhibits an initial radiosensitivity in vitro not significantly higher than synthetic IAA. We cannot, therefore, corroborate the high radiosensitivity previously ascribed to IAA (26) .
Within the dose ranges examined, the decrease in auxin concentration when pure solutions are irradiated can be accurately characterized as exponential.
As is indicated by equations (11) and (14) -exponential (fig 10) . As a chromatographic eluate, the purity of the auxin used for irradiation in the above experiment may be questioned. Aside from possible introduction of contaminant by manipulative transfers, paper partition chromatography would not have separated components in the plant extract of like mobilities. The above considerations imply that the reaction order of Skoog's data may have resulted from the use of impure preparations of IAA. In addition, they suggest that the apparent exponential decrease in IAA concentration we observed on limited irradiation of auxin in the presence of added solutes might not hold at higher radiation doses. Slightly increased ionic yields for IAA inactivation were observed with the higher molar ratios of cysteine and glutathione as cosolutes (table II) . Cysteine or protein cysteinyl have been suggested as likely reaction sites for auxin function in vivo (12) , the carboxyl group and ortho-hydrogen of IAA being postulated as linking with the spatially opposed amino and sulfhydryl groups. Although covalent amide and thiol ester linkages might possibly enhance IAA sensitivity, such bonds would probably not be formed spontaneously in water near neutrality. A carboxyl-amino salt linkage can also be disregarded as a causative factor, since almost identical yields were obtained on irradiating IAA as the pure acid, as the sodium salt, in the presence of ammonium or potassium sulfate, or in the presence of asparagine. It may be suggested that the lack of thiol protective effect and the slight enhancement of IAA inactivation at higher thiol concentrations could result from an accompanying IAA reaction with free thiol radicals, viz., RSH RS.; RS. + IAA RS -IAA + H%. In this connection, an enhancement of a methyl linoleate oxidation by x-radiation in the presence of glutathione has been reported (22) .
The observations on the protective effects of added substances are pertinent to the radiosensitivity of IAA in vivo. Though the auxin has no unusual sensitivity when irradiated as a pure solute, table II indicates that its pZ, or affinity for activated water, is high among those low molecular weight cosolutes examined. In broad terms, it appears more readily oxidized by x-radiation. On the basis of the net auxin inactivation, the generalization would apply even to glutathione and cysteine, whose lability (17, 23) and protective action (22, 24) have been demonstrated elsewhere. Yet, a number of the solutes do protect the auxin when in suitable molar ratios. In this respect, the major protein component of leaf cytoplasm (28) , Fraction I protein, with its relative pZ of ca 104, is highly protective. Similarly, in Dale's study of the protective action of various cosolutes (2), both the GORDONT AND WEBER-RADIOSENSITIVITY OF IAA apoenzyme and prosthetic group of D-amino acid oxidase had the highest radical affinities of the many compounds examined. If we consider that free auxin occurs in leaf tissues at concentrations on the order of 10-8 gm moles per kg, surrounded by a heterogeneous mixture of potentially reactive solutes, the proteins alone being in over 104 mole excess, it appears improbable that the absorption of low doses of ionizing radiation would result in significant auxin depletion by direct molecular inactivation. Indirectly substantiating this conclusion are the results obtained by irradiating IAA in the presence of coleoptile (table  II) and leaf (fig 8) extracts. The diluted aqueous extracts, containing only a small fraction of the plant's soluble components, showed marked protective action. We therefore believe that an explanation other than direct auxin photolysis probably accounts for the lowering of auxin levels (26) in plants exposed to low doses of ionizing radiation.
Emphasis has been placed recently on the ratio of solute yields (R) obtained by irradiating dilute solutions in the presence and absence of oxygen. Since identical dosimetry was used in this study to evaluate the effects of oxygen saturation and air evacuation on IAA yields, the ratios of yields were calculated. Table  III lists the R values obtained at four initial IAA concentrations. A ratio between 3 and 4 is not inconsistent with mechanisms proposed (6, 17) to account for solute oxidations by ionizing radiation. Hydroxyl radicals are formed in the absence of dissolved 02 when water is irradiated by -y-or hard x-rays. In the presence of 02, the solute could be oxidized not only by OH radicals but also by concomitantly formed hydroperoxyl radicals and ions. This would yield a theoretical R value of 4 (Amphlett in (6)). A lower R value may be attributed to the back reactions plus pairwise combination of like radicals in zones of high free radical concentration (6, 14) . The ionic yields obtained by irradiating aerated solutions of IAA at low dose rates (fig 9) approach the above theoretical value. Figure 9 likewise However, it will be shown elsewhere that a) H202 is probably not involved in auxin destruction by ionizing radiation, b) the peroxide levels found under our irradiation conditions are well below the concentrations where assays are affected, and c) structural alteration of the IAA molecule does occur.
SUMMARY
The in vitro sensitivity of indoleacetic acid (IAA) to x-and y-radiation has been re-examined by a kinetic approach. No unusual lability of the auxin was observed on varying the auxin concentration or purity, oxygen concentration, H+ concentration, radiation energy, dose rate, or method of assay. Ionic yields were near unity. Acid auxin extracted from the plant exhibits an intrinsic radiosensitivity not significantly higher than synthetic IAA. The effects of several cosolutes and plant extracts on IAA destruction were examined to determine the relative radical affinity of the auxin. The 
